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CHAPTER VII
THE LARGE RADIO GALAXY CENTAURUS A

7.1 INTRODUCTION

The nearby galaxy Centaurus A (NGC5128) has always been
an object of extensive optical, and radio studies. It is one
of the five brightest galaxies in the sky (mv'v 6), and also
the nearest galaxy having an active nucleus and associated
with an extended double radio structure. Its distance has
been recently re-estimated from the light curve of the
supernova 1987g placing it at ~ 3 Mpc (Frogel et al., 1987).
The Elliptical (E2) image of this galaxy is bisected by a
prominent lane of dust, gas and H II regions, extended
roughly along a position angle of 126° (Baade and Minkowski,
1954). It 1is known to be a disk of diameter ~. 15 Kkpc,
thickness ~» 1 kpc and having an inclination of ~73° to the

plane of the sky (Graham, 1979; Dufour et al., 1979; Marcelin

et al., 1982).

The association of Cen A with the powerful radio source
was first established by Bolton et al. (1949). The radio
source extends ~ 10° in the north-south, implying a size of
~ 540 kpc,' for the distance D~ 3Mpc. The radio source shows
several peaks in its structure, forming an overall S - shaped
morphology (Haynes et al., 1983; Burns et al., 1983). This S
shaped morphology 1s maintained even at size scales 2 orders
of magnitude smaller, 1in the ~ 7' arc double source (Maltby

et al., 1963; Schwartz et al., 1973; Christiansen et al.,
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1977; Burns et al., 1983) which is embedded in the optical
image of the galaxy (Fig.7.la and 7.1b). The origin of this,

remarkable S-shaped radio structure is investigated in this

Chapter.

Faint, optical ripples or shell-like structures are
known to be commonly associated with elliptical galaxies
showing peculiar features (like tails, filaments, dust
lanes) as well as those which are otﬁerwise normal
(Schweizer, 1980; Malin and Carter, 1983). Recently even
spiral galaxies have been shown to possess such shell systems
(Schweizer and Seitzer, 1988). Considering only ellipticals,
shells are known to occur in ~10% of all bright elliptical
galaxies (Quinn, 1984). There have been many observational
and theoretical attempts to understand the formation of the
shells (observational: Schweizer, 1980, 1983; Malin and
Carter, 1980, 1983; Carter et al., 1982; Malin et al., 1983;
Pence, 1986; Fort et al., 1986; Schweizer and Seitzer, 1988;
Theoretical: Fabian et al., 1980; Quinn, 1982, 1984; Huang
and Stewart, 1985; Williams and Christiansen, 1985; Kundt and

Krause, 1985; Dupraz and Combes, 1986; Umemura and Ikeuchi,

1987).

Optical shells are sharply defined, arc-like features,
not completely encircling the parent galaxy. They have been
detected out to distances as large as ~v 200 kpc from the
central galaxy, along the major axis, and as near as ~ 1 kpc
from the galactic nucleus. One of their most characteristic

properties 1is the inter-leaved disposition about the parent
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galaxy, 1.e., the next outer shell occurs on the opposite
side of the galaxy. Even the most sensitive optical observa-
tions carried out so far have failed to detect any emission
lines. Their colours are seen to be bluer than, or similar
to, those of the parent galaxy. From these results, it is has
been been inferred that the shells are entirely made of
stars. From photometric observations, it is deduced that the
shells contain upto ~ 10% of the mass of elliptical galaxy
and contribute ~ 0.5 - 5% of the total light. It has also
been found that the shells occur mostly in galaxies located

in sparsely populated environments (Quinn, 1984).

Among all the models for the shell formation the galaxy
merger hypothesis first suggestd by Schweizer (1980) and
later studied by several authors seems to account for most of
observed properties of shells. Basically, in this model, the
stars 1in different sections of the captured disk galaxy
revolve about the centre of the A 10 times more massive
galaxy with different periods, because of their different
energies. The inner-most sections have the shortest periods
and form shells first. As the stars have their minimum
velocities  at the extremes of their oscillation, they spend
most of their time at these extremities. The main deficiency
of this model concerns the fate of the large amount of gas

assoclated with the captured galaxy, in case it is a spiral.

The competing models for the shell formation, all involve

interaction between an outflow from the parent galaxy and
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some external medium. Stars form, from the resulting density
enhancements as they cool. These models are inadequate 1in
accounting for the important shell properties 1like their
interleaved distribution,their incomplete arc-like structure,
and the same or somewhat bluer colours (of the stars .in the

shell) as those in the parent galaxy.

In the context of the model proposed in this chapter for
explaining the S shaped radio structure of Cen A, two
properties of the shells are important: their gas content and
their rotation about the galactic nucleus. Neither of these
properties has been ruled out by the merger scenario. So far
only 2 shell velocities have been determined but it has not
been possible to establish if the measured velocities are

radial or circular relative to the nucleus (NGC3923; Quinn,

1982; NGC1316: Bosma et al., 1985).

Typical double radio galaxies, are more oOr less
collinear. They may or may not contain emission peaks 1in
their lobes. The C-shaped sources, WATs, HTs and NATs are all
found in galaxy clusters. Like them, the S or Z shaped
sources (eg. NGC31l5) too have been explained in terms of the
continuous beam model. According to Henriksen et al. (1981),
the twin jet would be refracted towards the galaxy minor axis
(the direc£ion of maximum pressure gradient), from their
original direction of ejection. The S-shaped structure could
also arise due to precession of the basic ejection axis
itself (eg. for NGC326, Ekers et al., 1978). The model of

Gopal-Krishna and Chitre (1983) explains the S-shaped
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structure in terms of an interaction of the jets with the

shell segments rotating about the parent galaxy.

In the particular case of Cen A the S-shaped structure
is delineated by discrete emission peaks, so any suggested
model must also explain their origin. Haynes et al. (1983)
proposed multiple nuclear outbursts along a precessing

ejection axis.

The discovery and detailed studies of radio jets, which
in some are seen connecting the nucleus all the way to the
hotspots, posed difficulties for the discrete plasmon
ejection models while providing all support for the
continuous beam model. Moreover, if jets are interpreted as
channels for the ejected plasmons, their centre brightened
profiles indicative of emission from within them, imply that
the channels are filled. The many numerical simulations of a
bulk flow 1impinging upon an external medium successfully
reproduced the observed powerful radio source morphologies
(Norman et al., 1982). Again based on the continuous beam
model, Gopal-Krishna and Wiita (1987) could account for the

linear size evolution of powerful doubles.

The model for the S-shaped and multi-peaked radio
structure seen in Cen A, that is presented here, does not
need to do away with the continuous beam ejection scenario,
and quite naturally accounts for the S shape of the discrete
peaks (Gopal-Krishna and Saripalli, 1984b). Our study is

based on a detailed comparison of recent deep optical and
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radio photographs of Cen A. It further allows us to place
lower limit to the gas density in the optical shells, besides
yielding constraints on the physical parameters of the jet.
The shell is inferred to contain gas at significant levels,
though 1ts signature (emission lines) has not been directly

detected despite several 1000 sec. of integration.

7.2 COMPARISON OF RADIO AND OPTICAL MAPS
Radio maps:

For the present study we make use of 3 radio maps of
Cen A. The first is the Parkes map made at 1.4 GHz by Cooper
et al. (1965) with a coarse angular resolution of 14' arc
(Fig.7.1a). The new Parkes map of the source shown in
Fig.7.lc has been made at 5 GHz with a 4' beam (Haynes
et al., 1983). The third radio map shown in Fig.7.2a, covers
only a small region, containing the inner double radio source
and has been made by Schreier et al. (1981) using the VLA at
1.4 GHz with a resolution of 10" x 31" arc. From this map it
can be seen that the extensions of the two inner 1lobes
indicate an inversion symmetry about the central core, in the
same clockwise sense as displayed by the outer radio peaks
(Fig.7.1). The nuclear radio source is seen to be joined to

the Dbase of the northern inner lobe by a roughly collinear

chain of radio/X-ray knots (Schreier et al., 1981; Fig.7.2;
see also Brodie et al., 1983 for the optical knots in this
region). From optical and radio depolarization studies

(Dufour and van den Bergh, 1978; Graham and Price, 1981) it

is known that the northern jet is likely to be approaching
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Figlla-—c. Shown are threc wide-field pictures of Cen A_ all reduced to the same angular scale and aligned in declination. These are: a The Parkes 1.4 GHz map
showing the two giant radio lobes of Cen A_stretched over ~ 10 (Cooper et al.. 1965). The four northern radio peaks and their southern counterparts are marked as A,
B, C and D (see text). Note the clockwise progression in the position angles of the successively outer pairs of radio peaks. The central peak marked as (Ay, A5)1s seen
resolved into two peaks, A, and A 1o . b A specially processed. high~contrast photograph covering a ~2° x 37 field around Cen A, reproduced from Malin (1978).
I'he inset in the upper right corner shows a normally processed photograph of Cen A, the scale being the same as that of the main photograph. ¢ The SGHz Parkes
map of Cen A, reproduced from Haynes et al_ (1983), after appropriately contracting their published map in east-west direction and thereby compensating for the
expansion of the nght ascension scale relative to the declination scale, as present on their map. The “plus’ mark near the centre refers to the position of the stellar
nucleus of the galaxy, as defined by Kunkel and Bradt (1971). The dotted curve running northeast from the nucleus represents the outer parts of the optical jet, as
published by Graham and Price (1981) (see text). The dashes plotted in the region of the radio lobe By, indicate the onentation of magnetic field, as inferred from the
linear polarization map made by Gardner and Whiteoak (1971) at S GHz. The dash-dotted curve is a schematic representation of the giant shell-type structure of
radius ~ 1°, seen on the optical photograph in b, surrounding the main body of Cen A. The designations to the vanous radio peaks are given in a
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Fig7.2.a The 1.4 GHz VLA map of the inner double source in Cen A (Schreier et al. 198 1) superposed on the sketch ofthe optical features discovered recently in Cen A
by Malin et al. (1983)and reproduced here from their paper. The shaded areas show absorption regions while the crosses indicate the positions of bright reference stars
using which we have drawn the position coordinates. Full arcs represent the sharpest structures, broken arcs those more blurred. b same as a except that the radio map
has been substituted with a high resolution. soft X-ray map published by Schrerer et al (1981). The X-rav peak coincident with the shell segment Y has been designated
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Fig.7.2(c) The optically detected shell segment 9, described
by Malin et al. (1983), is superposed on the VLA 5 GHz map of

the inner double radio source of Centaurus A,

made by Burns
et al. (1983). Absolute position of the shell segment was
determined wusing the bright reference stars in its field,

plotted by Malin et al.
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us.

The optical photographs

For both the optical photographs that are used by us for
the study, the dynamic range has been gréatly enhanced by
employing techniques of unsharp masking and photographic
amplification (Malin, 1977). The first photograph shown in
Fig.7.1lb. covers ~ 2°%x3° field centred at Cen A (Malin,
1978). The image of the galaxy is seen to be extended by
~ 1.2° in PA ~30°, in agreement with the earlier results from
Johnson (1963). Also, a ring like feature with a radius of

o

~ 1 is seen to surround the galaxy. Its possible role in

shaping the radio morphology of Cen A will be discussed below.

The second deep optical photograph (Malin et al., 1983)
shows a system of shell segments within ~s 20 kpc of the
nucleus of Cen A These authors have provided a sketch of the
shell segments observed in the photograph. This is reproduced
in Fig.7.2. It can be seen that the shells are more regular
on the north-eastern (NE) side. In the south-western (SW)
side however detection of such shells may be hampered due to
the presence of the dust lane. The feature marked 15, 1is a
gaseous emission filament and is probably related to the
optical jet extending up to the NE "Middle radio 1lobe"
(marked By in Fig.7.la; Blanco et al., 1975; Peterson et al.,
1975; also see Fig.7.1lc). According to Malin et al. (1983)

most of the remaining features sketched in Fig.7.2 can be

interpreted as being remnants of a smaller disk galaxy that
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merged 1into Cen A about lO9 yrs ago. In their scheme,
incorporating the model developed by Quinn (1982) the shell
segments are expected to rotate in order to counter the
gravitational pull of the central elliptical galaxy. We shall
assume hereafter that the general sense of rotation is
clockwise for all the optically detected shell segments seen
around Cen A (Fig.7.lb and Fig.7.2). As will be seen below,
this plausible assumption seems to lead to a consistent

explanation for the rather complex radio morphology observed

in this galaxy.
7.3 RESULTS AND DISCUSSION

In Fig.7.1, the four radio peaks By A AL and B, falil

N’ 'S S

on a straight line passing through the nucleus of Cen A.
One could therefore imagine them to represent the inner (AN,
AS) and middle (BN, BS) radio lobe pairs. However in the
past, the component B

g was believed to be unrelated to
Cen A, and instead thought to be associated with a 15-mag
background elliptical galaxy (Cooper et al., 1965; also
Haynes et al., 1983). From the recent 5 GHz Parkes map
(Fig.7.1c) whose absolute positional accuracy is believed to
be better than 30" arc we measured the position of this

peak B, as: RA(1950)=13"18"12.2% + 1.5% and pec (1950) = -

S

43°28115" o 20". A check with the SRC/ESO survey print
reveals that the centre of the said 15-mag galaxy is

displaced by 2'.1 + 0'.7 from the radio peak BS along

pa  25°. Thus although part of the emission from BS may be

associated with the background elliptical it seems more
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natural to consider the peak BS as the counter-part of B

NI

particularly in view of its good alignment with the peaks By’

A and Ag, and also considering its extension towards the

N
nucleus (Fig.7.lc). We therefore interpret the radio peak BS
as having formed due to the impact of the counter-jet into
the south western section of the giant optical shell
surrounding Cen A. (see Fig.7.lb and 7.lc). This view is
substantiated by the good spatial coincidence between the
radio component Bg and the relevant section of the optical
shell (Fig.7.1) and furthermore by the eastward radio
extension of BS, which could conceivably result from the

sweeping of the jet fluid by the shell in clockwise rotation

about the galaxy as mentioned above (Fig.7.lc).

A radio enhancement is similarly seen near the
northern section of the giant optical shell close to Dec. =
-41040', and we pair this radio peak CN with the peak Cs in

the southern lobe (Fig.7.1). The outermost peak D,, could be

N
clearly paired with the peak Dg- Although the deep optical

photograph shown in Fig.7.1lb is not extensive enough to
cover the region of the radio peaks DN' DS and CS, we suggest
that these peaks too owe their existence to the presence of
shells farther out from the nucleus (requiring them to be at
a distance of ~ 200 kpc from the nucleus) but still embedded
within the giant radio lobes. It can be mentioned here that
optical shells have been seen to occur at distances of as
much as 200 kpc from the parent galaxy (for NGC 3923; see

Athanassoula and Bosma, 1985). This postulated scenario is



substantiated by the interpretation given below for the
formation of the inner double radio source. Presently, it can
be noted that all the 4 pairs of radio peaks, as proposed in
our scheme are reasonably well aligned with respect to the
galactic nucleus their axes showing a systematic progression

in position angle (Fig.7.l)..

In Fig.7.2a we have superposed the contours of the inner
radio double and the shell segments found embedded inside the
main body of Cen A described earlier. The most remarkable
aspect of this radio-optical coﬁparison is the close
coincidence of the shell segment 9 with the point from where
on&ards the jet outflow is no longer straight but begins to
deflect towards northwest, accompanied by an abrupt rise in
brightness and flaring 1in the transverse direction. It
appears therefore that at this point the jet flow has been
interrupted by the rotating shell (see below). The outermost
X~-ray knot detected in the jet of Cen A, designated as knot
"G" by Schreier et al. (1981), also coincides with the shell,
strengthening the case for the proposed collision of the jet
with the shell segment 9 (Fig.7.2b). The bending of the jet
is even more clearly visible on the 5 GHz map reproduced in

Fig.7.2c from Burns et al. (1983).

If under the gravitational influence of the central
galaxy, this shell segment is also rotating in the clockwise
sense, as postulated by us for the general rotation field

around the main body of Cen A, the northward bending of the
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jet, soon after its being interrupted by the shell 9, might
have resulted due to the transverse momentum imparted by the
shell medium to the jet fluid. Also the eastward extension
observed in the SW inner radio lobe AS may have arisen due to
the counter-jet being interrupted by a possible southwestern
counterpart of the shell 9, whose detection would be rendered
difficult due to obscuration caused by the dust lane
(Fig.7.2). Below, we shall explore the condition under which

the postulated encounter with the shell 9 could have

deflected the jet.

For the shell segment 9, the Keplerian rotational

velocity would be VS = {GMg(&—)/RS}l/2 >~ 413 km S—l at the
observed separation 6~ 3' arc from the nucleus (which
corresponds to a physical separation RS = 8,D =~ 2.6 Kpc for
a distnace D = 3Mpc for Cen.A) and taking the galaxy mass to
be M (&) = 10! M_ within the radius 6~ 3' (Marcelin
et al., 1982). 1In the case when the galactic mass is a few

times higher as inferred from the recent analysis by Hesser
et al. (1984), a value for Vg~ 645 kmS™? would be more
appropriate. For the width of the shell 9 no good estimate is
available presently. But from inspection of the photograph
published by Malin et al. (1983), we estimate that the shell
width dS is unlikely to be smaller than the width of the jet
which is dj = 2rj ¥ 34" arc at the position where the jet
appears to encounter the shell segment. Thus (ds/dj) > 1. The

above estimate of dj given by Burns et al. (1983) refers to

the main jet which as found by these authors, 1is surrounded
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by a 2-3 times wider sheath of radio emission. The energy
flux Lj flowing through the jet 1s estimated as follows: if
the energy flux Lj through the jet carried in the form of
kinetic energy of the jet fluid of density fj is converted
into radio emission 1inside the NE-inner lobe with a net

efficiency £ , then

% 2 r. 2/3
L_=Trsv, y.(y. -1 p, c'e( —1—) L. (7.1)
r B I | J rlobe
where
L. = observed radio luminosity of the NE innexr lobe
40 -1 |
= 1.44.10 erg S (Burns et al., 1983)
Vj = bulk velocity of the jet fluid
Yj = bulk Lorentz factor = [l—(vj/c)2]—l/2,
2/3  _ -
(rj/rlobe) = 0.303 for T obe 6.rj (Burns

et al. 1983)

which is the factor accounting for the adiabatic expansions,

and c = velocity of light.

The angle of deflection of the jet, ¢ due to the
transverse pressure of the shell 9, can be expressed as the

ratio of the momenta of the shell and the jet, given by,

¢ V2 a
S S S
tan ¢ = > (d—)
T3Py Yy ] e (7.2)
From the equation (7.1) and (7.2), we obtained
mea’p vl Y. - 1 d d
tan ¢ = S S s R S| ] 2/3
Ty tE )t (7.3)
4l Y j ] lobe tet :
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From this relation one can obtain a useful 1limit to the
density of gas in the shell. The true angle of deflection

of the jet plasma can be derived from the apparent angle of
deflection 1) ~ 40° (Fig.7.2c) using the following expression

from Readhead et al. (1980).

sin ¢ sin ¥

sin 8 cos ¢ + cos 8 sin ¢ cos ¥

(7.4)

Here \ is the angle between the plane containing the tangent
at the origin of the jet and the line of sight, and the plane
containing the longitudinal axis of the jet. & is the angle

of inclination of the jet from the line of sight.

Because of the nearness of Cen A, detailed kinematic
studies of the dustlane have been possible which vyielded a
measure of the orientation of its rotation axis with respect

to the line of sight of 73° + 3°

(Graham, 1979; Marcelin
et al., 1982). From studies of radio galaxies with jets and
having dust lane in their parent galaxies (Kotanyi and Ekers,
1979; Ekers and Simkin, 1983) it has been inferred that the
inner radio jet in Cen A, is likely to be within ~ 20° of the

rotation axis of the dustlane. Thus the inclination angle of

the jet from the line of sight, . is likely to be > 53° + 3°.

Now, the true angle of deflection ¢ would Dbe

minimised for
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For, N~ 40° and & > 500, from Eq.(7.4), the true angle of

deflection ¢ is atleast ~ 30°.

From Eq.(7.3), therefore, using the values discussed
above for the various parameters, we obtain, for the gas

density in the shell

- V. Y.
o> 9.6. 1039[—1(——1_)]

S c Y-_1
J ... (7.5)

For the limiting values of Vj = C (Y'j = o) and & =1 the

right hand side approaches a minimum yielding

§ o> 2.9.107%° gm em”?

Adopting more realistic values of & < 0.3 a gas density of
?s > l.O.lO_27 gm cm_3 is obtained for the shell. This 1is

the minimum gas density in the shell needed to deflect the

jet plasma through the observed angle of ~ 40°,

An Independent Estimate of the Lobe Magnetic Field

As seen from Fig.7.2, the shell 9 extends by «~ 2'.8
arc west of the point where the jet is currently seen to
impinge on it. The clockwise rotation of the shell with the
Keplerian velocity of Wy &7 413 kms—l (see above) would then
imply thaf it began to interrupt the jet (thereby initiating
the formation of the NE inner lobe) at a time T ago, where,

T=xD/v, = 6.0.10%r.

The apparent break in the radio spectrum of this lobe
at Vb ~ 5 GHz (Fig.7.2 of Slee et al., 1983) may then have

arisen owing to synchrotron losses in a magnetic field H
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given by H = 108/(7\29b)l/3 G. Using the above estimate T of
~ 6.106 yr we obtain H = 18.3 LG. This value of H is 2
times lower than the equipartition magnetic field of 39fLG
estimated by minimising the internal energy (Feigelson
et al., 1981). But our estimate is quite close to the
field strength of 14 w G obtained by Burns et al. (1983) by
minimizing the internal pressure due to relativistic
particles and magnetic field. It may be noted that the
deduced value of H is quite insensitive to uncertainties in
the various parameters, excepting in the distance D which is

fairly well known.

It may be mentioned here that recently in the
numerical simulation studies of jet disruption caused by
shocks (Norman et al., 1988), the morphology of the northern
lobe of the inner double in Cen A was reproduced via an
oblique shock at the end of the jet. In this picture, the
hypothetical oblique shock replaces the observed shell
segment used in our explanation. However, the possibility of
the observed optical emission (non synchrotron) in such
shocks remains to be demonstrated. Moreover the idea of the
twin Jjets interacting with the rotating shell segments

naturally explains the S-shaped structure of the inner

double.

The postulated interruption of the jet outflow at the
shell segment 9 for the past m/lO7 yr is consistent with the

conspicuous lack of radio emission between the radio peak Ag
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and the next peak BN (Fig.7.la; 7.1lc). The relativistic

particles that had already advanced beyond the location into
which the rotating shell segment subsequently moved in (and
thus began to interrupt the jet flow) have, in the meanwhile,
continued to advance further into the region of the radio
peak BN and possibly further out, thus creating an emission
trough between Ay and By~ The lack of radio emission just
beyond Ay (the NE inner lobe) is seen clearly on the VLA map
(Fig.7.2a). In Fig.7.lc, the dotted curve drawn near the
central region marks the location of several optical emission
features and dust patches observed out to about 25' arc from
the nucleus (as described e.g., by Blanco et al., 1975;
Graham and Price, 1981). Within As4' arc NE of the nucleus,
i.e., in the region where the jet is almost straight and
discernible in radio and X-rays, the optical filaments appear
to line up along the jet (Brodie et al., 1983; Dufour and van
den Bergh, 1978), but subsequently their chain gradually
bends clockwise, ending up 1in the region of the radio
component BN (Fig.7.1c; 7.la). It has been suggested by
several authors that the formation of these filaments lying
close to the trajectory of the jet has been triggered due to

compression produced by the passage of the jet material in

past (e.g.,Osmer, 1978; Graham, 1983; see also DeYoung,1981).

The gradual clockwise bending of the optical jet between
the peaks Ay and Byr as described above, could again be
understood within the framework of the postulated clockwise

rotation of the circumgalactic medium. But the rather abrupt
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bending towards north, exhibited by the radio contours just
beyond the peak By seems more difficult to comprehend
(Fig.7.1lc; 7.la). This is particularly so because the region
of the abrupt bend seems to be devoid of any conspicuous,
sharp optical feature like a shell segment (Fig.7.1l; see also
Fig.4 of Haynes et al., 1983). Nonetheless, the known radio
polarization properties of the region seem to give some clue
about the origin of the abrupt bend in the jet flow near By
According to Gardner and Whiteoak (1971), the degree of
linear polarization at 5 GHz is very high in this region,
attaining a maximum of ~ 70% but generally remaining above
50% over a sizable area around By- This implies a highly
ordered magnetic field which they found to be aligned in PA
~ 144° near the peak By: The field would thus be roughly
orthogonal to the direction of the jet flow into the region
of BN. Note that the jet momentum and energy density has
presumably greatly decreased by this stage owing to lateral
expansion (Fig.7.la; 7.1lc) and therefore, it 1is quite
plausible that the dynamics of the Jet is hereafter
determined by the (well ordered) magnetic field. As seen from
Fig.7.1lc, there 1is indeed a striking agreement between the
radio continuum ridge and the magnetic field orientation, as
given by Gardner and Whiteoak, for the region beyond the peak
By- Indeed, an analogous process may be responsible for the
radio spur seen extending eastward in the southern lobe of
Cen A between declinations -44° and -44°.5 (Fig.7.1c). The

linear polarization observations of this region, also carried

out by Gardner and Whiteoak (1971), again indicate a very
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high degree of polarization (generally between 30% to 50% at
5 GHz) and a highly ordered magnetic field oriented east-

west, 1i.e., parallel to the radio spur observed in this part

(Fig.7.lc).

CONCLUSIONS

A detailed comparison of the deep radio, optical and X-
ray maps of the nearest double radio galaxy Centaurus A has
provided evidence to show that both the jet and counter-jet
in this source have been substantially stalled after
impinging on optically visible shell segments located many
kiloparsec away from the galactic nucleus. This circumstance
clearly appears to be responsible for the formation of radio
hotspots marked as Ay and Bg (see Fig.7.1lc and Fig.7.2a). The
clockwise extension of radio contours, as witnessed in both
these and se?e;al other prominent radio peaks in this source
(Fig.7.1 and Fig.7.2), as well as their inversion symmetric
configuration with respect to the nucleus can be understood
if one postulates a general clockwise rotation field for all
the optically detected shell segments and circumgalactic
medium asociated with Cen A. This scenario could be an
alternative to the hypothesis of a sustained anti-clockwise
precession of the central engine, as proposed by some authors
(e.g., Haynes et al., 1983). Our proposition gains support
from the observed spatial coincidence between the bright

radio and optical features revealed by the recent deep

observations of Cen A. Further, 1in view of such spatial
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coincidence, it appears 1likely that the radio peaks often
develop where the relativistic plasma, either inside the jet
or within the 1lobes, happens to encounter complexes of
thermal gas and stars. Thus, it may not be essential to
invoke repetitive outbursts of nuclear activity in order to
understand the multiplicity of radio peaks on the opposite
sides of the nucleus of this galaxy. A more comprehensive
analysis of the situation would be possible by obtaining a
high-contrast photograph of Cen A similar to that reproduced

in Fig.7.1b, but covering the entire area all the way to the

outermost radio peaks in the lobes of Cen A.

The deflection of the jet due to encounter with the
shell segment 9 and the resultant formation of the north-

eastern inner radio lobe (AN), as proposed in our model,

seems feasible for a gas density in the shell of > 3.10—28 gm

cm—3. If, as 1in the case of this radio lobe, the shell

responsible for the formation of any given radio lobe can be
identified, the age of the lobe could be estimated by
considering the dynamics of the interacting shell. A
knowledge of the age, coupled with any observed break in the
spectrum could afford a promising means of estimating the
magnetic field strength inside radio lobes of active
galaxies, without resorting to the assumption of minimum

energy or minimum pressure condition.
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CHAPTER VIII

CONSTRAINTS ON SOME PHYSICAL PARAMETERS OF

CLASSICAL DOUBLE RADIO SOURCES

8.1 INTRODUCTION

Radio galaxies with their «classical double radio
morphology are best understood in terms of the continuous
beam model (Blandford and Rees, 1974; Scheuer, 1974). In this
model, basically there is a continuous supply of energy from
the active nucleus of the parent galaxy to the outer regions,
in the form of a pair of anti-parallel "jets" or "beams" of
relativistic plasma and magnetic field. In the case of
powerful radio galaxies, the beams are thought to be
supersonic, which wupon impinging on the external medium
create shocks on either side of the 'contact discontinuity'.
In the region after the reverse shock, the directed flow of
the beam plasma gets disrupted and the velocities are
significantly randomized. The ensuing substantial radiative
losses in that region give rise to a radio "hotspot". Only a
fraction of the kinetic power of the beam plasma is used up
in produéing relativistic plasma inside the hotspot and of
that only a fraction is lost as radiation. While radiating
away part of their energy inside the continuously advancing
hotspot, the particles are subjected to the ram pressure of
the external medium and, thus, stream in the direction of the
nucleus, filling an extensive region called a "lobe" or

"bridge”. In this region the electrons with reduced energies
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(due to adiabatic expansion losses) radiate in diluted

magnetic fields.

Intrinsic parameters derived from the observations of
these sources are essential for arriving at an understanding
of the relevant physical processes. In this chapter we obtain
some of the intrinsic parameters using a representative
sample of 10 bright, powerful (L'v1044ilergs“l) hotspots
(Saripalli and Gopal-Krishna, 1985). This approach, also
employed by Perley et al. (1984),is based on the energetics
and dynamics of the jet-hotspot interaction. Such a study is
normally possible only for powerful double radio sources

which possess hotspots near their extremities (Fanaroff and

Riley, 1974).

To relate any of the observed parameters to the
intrinsic parameters of a radio source like its beam power,
it 1is essential to know the level of efficiency with which
the bulk kinetic energy of the beam gets converted into radio
power. For example, a powerful radio source could be formed
with intrinsically weak beams provided the conversion
efficiency 1is high and vice versa. Giant radio galaxies are
examples where although they appear to be relatively weak in
their radio output (Saripalli et al., 1986), their beams are,
very likely intrinsically powerful (Gopal-Krishna, Wiita and
Saripalli, 1988; also see Chapter VI). The determination of
this efficiency factor is difficult, as one must include all
possible loss mechanisms like adaibatic expansion losses,

inverse Compton losses, losses incurrerd due to entrainment
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(De Young, 1986), - thermal plasma heating (Eilek, 1982) etc.
Moreover, these are all model dependent (see Rawlings and
Saunders, 1988). Even so, values of 1-30% have been estimated
for the conversion efficiency in the literature (Dreher,
1984; Begelman, Blandford and Rees, 1984; Gopal-Krishna and

Saripalli, 1984a; Gopal-Krishna, Wiita and Saripalli, 1988).

In this chapter we use the observed jet-hotspot
properties of 10 powerful sources, possessing bright, compact
hotspots, to calculate the efficiency of conversion of beam
power into synchrotron radio power from the hotspot, making
some simple assumptions, which are spelled out in the next
section. Also, since the efficiency is always well Dbelow
unity, the analysis yields rather stringent lower limits to
the bulk velocity of the beam material (which cannot be

measured directly).

From a variety of observational evidences, it 1is well
established that the beams are relativistic on parsec scales
(see, Bridle and Perley, 1984; Begelman, Blandford and Rees,
1984). However, on the kilo-parsec scales the situation is
far from being clear (see review by Bridle, 1986). Support
for relativistic velocities on kiloparsec scales comes from
the observed one-sidedness of parsec and kilo-parsec Jjets
occurring on the same side.of the nucleus (Scheuer, 1987),
and more recently, from the depolarization asymmetries in
the 1lobes of classical double radio sources (Laing, 1988).

However, the predominance of one-sided kilo-parsec jets in
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guasars (Bridle, 1986) 1is taken as evidence against
relativistic jet velocities on kilo-parsec scales (see
however, Kundt and Gopal-Krishna, 1981). Employing the above
mentioned idea of jet-hotspot interaction, we obtain limits
for the beam bulk velocities for sources in our sample of
compact, powerful hotspots. The bulk streaming velocity of
the relativistic electrons outflowing from the hotspot into
the 1lobe 1is again poorly known. The distribution of the
magnetic field in the hotspot might significantly govern the
flow speeds of the electrons (Eilek, 1982). The method
described in Section 8.1 provides limits to the outflow

velocity of the plasma within individual hotspots (Saripalli

and Gopal-Krishna, 1985).

The dependence of radio structure on the luminosity of
radio galaxies is well known (Fanaroff and Riley, 1974). As
shown by Jenkins and McEllin (1977), the fractional flux in
the hotspots [defined as C = (Flux density from hotspot < 15

kpc in extent)/(total flux density-flux density excluding the

central component) ] increases with the total radio
luminosity, L, of the source. In Section 8.2, we sketch a
scenario based on the beam model, and on the simple

assumptions namely, an equipartition of energy between the
radiating particles and magnetic field and a spherical shape
for the hotspots, to explain the C-L correlation. New inter-
relationships between the source luminosity and hotspot
properties are derived. It is found that hotspots powered by

non-relativistic beams (Vb < 0.lc) can atmost attain
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luminosities of ~ 107 "erg snl, while those powered by

relativistic beams can attain much higher luminosities. A
distinct change in the morphology of the hotspots is found to
occur for luminosities 2 lO46 erg s_l (Gopal-Krishna and
Saripalli, 1984a). The slab-like geometry inferred for such
powerful hotspots resembles the reported sub-arcsecond
resolution maps of hotspots in some powerfui radio sources

(Dreher, 1981; Begelman, Blandford and Rees, 1984).
8.1.1 Constraints on the jet/hotspot parameters

The Sample : Each of the selected 10 hotspots in our sample

is radio luminous (L~1044 + 1 erg s_l) and compact, having a
radius s < 1 kpc which is atleast 100 times smaller than
the overall size of the associated radio source. The observed
parameters of these representative, bright hotspots are
listed in Table 8.1.1. Also listed are the flux density So at
some frequency Vv o and the ratio of the hotspot flux to that
of the radio lobe associated with it. A Hubble constant of H

= 75 kms—l Mpc and q, = 0 have been used in this section.

Assumptions : The hotspots are assumed to be spherical and

filled wuniformly with relativistic electrons and magnetic
field, radiating under the condition of minimum energy
density (Burbidge, 1959). The radio spectrum of the hotspot
is assumed to be straight between a turnover frequency V .
due to synchrotron self-absorption, and an upper limiting

frequency Ou = 10 GHz (Scheuer, 1982).



Table 8.1.1 The observed parameters of the 10 hot spots

Source z Overall size Ref.
(hot spot) of the
radio source Ths S, (hot spot) atv, ( So )
() kp) () (kpa) (y)  (GHz \Sew/w

0312-034(SW2) 1.072 42 317 0.12 0.91 0.076 (4.87) 0.46 i
(4C—03.11)

06104260 (NW)  0.580 51 297 0.025 0.15 0.75 (0.327) 0.10 24
(3C 154)

0835+ 580 (SW 1) 1.534 17 140 0011 0.09 0.66 (1.666) 0.50 5.1
(3C 205)

0843 4+ 136 (SW) 1.875 2 17 <0001 <0.08 0.18 (1.417y - 6
(4C13.39)

1137+ 660 (SE) 0.652 44 272 <0.11 <£0.68 0.516 (4.87) 0.74 1,7
(3C263)

1206 + 439 (SW)  1.400 10 81 0.1 0.81 0.5 (1.417) 033 6,8
(3C268.4)

1957 + 405 (SE) 0.056 124 127 0.6 0.62 10 (22.5) 0.36 9, 10
(Cygnus A)

2325+293(SE2) 1.015 50 370 0.14 1.04 0.07 (4.87) 0.33 1
(4C29.68)

2338 4042 (SE) 2.594 3 27 0.01 0.09 0.46 (1.417y - 6,11
(4C0481)

2354 + 144 (SE) 1.810 11 93 0.015 0.13 0.05 (1.417) 007 6,8
(4C 14.85)

References: (1) Swarup et al. (1984);(2) G. Swarup (private communication); (3) Kapahi et al. (1974); (4)
S. Ananthakrishnan (private communication 1983); (5) Lonsdale and Barthel (1984); (6) Barthel

(1983);(7yOwenet al. (1978):(8) Hintzen et al. (1984); (9) Dreher (1981); (10) Dreher (1979):(11) Barthel
and Lonsdale (1983)
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8.1.2 The Estimated Jet/Hotspot Parameters

The value of Ot is computed wusing the following
expression (Kellermann and Pauliny-Toth, 1981) and is
adjusted iteratively to become consistent with the minimum

energy condition

- 1/5 -4/5 2/5
Vv, (MHz) = 33 B ) g2/ 1/5
B peak (%) .e.(8.1)
Here B 1is the magnetic field (Gauss), ¢ is angular size
(arcsec), =z 1is redishift and Speak is the peak flux density

(Jy) extrapolated from the observed flux density S, at a

frequency 90 where the hot spot 1is transparent, using a

spectral index -
S = a
peak So(vo/vt)

Now, assuming the hot spot to be 1in a steady state,
maintaining a pressure balance with the directed pressure of

the jet fluid, one gets in the frame of the hot spot:

hs : ...(8.2)

where Qj and Vj are the density and bulk velocity of the jet

fluid, respectively and Yj is the bulk Lorentz factor = [1-
(Vj/c)z]-l/z. Now, if +the jet kinetic power, Lj' gets
converted into radiation inside the hot spot with a net

efficiency € , then:

2 2
= =3 . . V. S {y. - 1) ... (8.
Lj th/e TTr] p] S Y] Yj (8.3)

Eliminating €j from Eq.(8.2) and Eq.(8.3):

L Y.+ 1 12
e = 3.18.107 " . 18 5 ] ) ...(8.4)
u r, )]
hs
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A lower limit to & is obtained by considering the maximum

possible values for '{j and rj (1.e., Yj = o0 and rj = rhs);

these values of egmin are given in Table 8.1.2. We adopt 0.3

as the maximum possible value of €&, which is well below
unity, since a good fraction of the energy supplied to the
hot spots does not get radiated away within them but flows
out, giving rise to diffuse radio lobes (Table 8.1.1; also
see Gopal-Krishna and Saripalli, 1984a). Thus, for the

maximum possible values of € and r. (i.e., e = enmx = 0.3

and rj = rhs)' EqJ{84) yields a lower limit to Vj (Table

8.1.2). The VTln, in turn, vyields via Eg.(8.2) the maximum

rest-mass density of the jet material. The computed values of
Qjmax are given in Table 8.1.2, together with those of the

‘max

maximum rest-mass flux flowing through the jet: MJ ; Where
y 2 2 1/2 .
M. = Tmr.p. V.y. = Tr.p.(u /3p.) max _
3 Iy P45 Y YJ 3 P35 hs 3 and hence MJ

‘max 2 max ;. 1/2 :

Mj = mr, (u o Py / [see Egq.(8.2)].

The above estimates of the efficiency ¢ with which the
jet fluid (synchrotron plasma) injected into the hotspot gets
converted into radiation can be used to determine the bulk

outflow speed, Vout'. of the synchrotron plasma from the

hotspots. If T ~ rhS/VOut is the average time spent by a

volume element of the synchrotron plasma inside the hot spot

of total volume Vhs’starting from the moment of its injection

at the jet outlet (=shock front) presumably located near the

centre of the hot spot, then

bol bol
e = 1T(L \) U ~
( hs / hs)( hs/vhs) rhs th /Uhs Vout ...(8.5)
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Here U, is the energy in the hot spot. Now, from Egs.(8.4)
and (8.5):

.
v ~ 0.25¢c{ (Y,-] - ”/‘Yj + 1)}1/2 ( ;3—— e

out e..(8.6)
hs

Evidently, the outflow speed of the relativistic plasma from
a hot spot increases with the jet velocity and attains a
maximum, VOut ~ 0.25 ¢ for the maximum possible values of

Y 3 and rj (i.e., Yj = o0 and rj = rhs). A lower limit to

VOut for each hot spot, derived by setting & = emax = 0.3 1in

Eq.85), 1is given in Table 8.1.2. The range, thus estimated
for v_ ., defines a range for the average time T which the
synchrotron plasma is expected to spend within the hot spot.
These 1limiting values of T, in turn, yield the expected
range for the frequency V b’ above which synchrotron losses
would steepen the spectrum (;)b = 1024V§ﬁtB~3r£i). As seen

from Table 8.1.2, the derived range for V p, for all the hot

spots encompasses the originally assumed value of V) - =

10 GHz. Such a consistency check was found to 1limit the

initial choice of V - to a maximum of the order of 100 GHz

for all the 10 hot spots

Further, for each hot spot, we have given 1in Table

8.1.2, the estimated upper limit to the thermal gas density,

m?x (as well as the corresponding upper limit to the mass,

MTix). These are evaluated by considering that the outflow

seed VOut of the relativistic electrons, estimated above,

-1/2
should not exceed the Alfven speedJVA:=Bhs(MthS) /:This gives

pMax _ (p M0y 2,0 . The last column in Table 8.1.2
hs hs” out



Table 8.1.2  The derived physical paramcters of the hot spots and of the associated jets®

Name Vi Ly Uw" " By" Emin by o M7 i Range for v, oi" MR e
MHz crgs™! erg ergem ™Y Gauss gmem™®  Mgoyr! GHz gmem™® M,

0312-034(SW2) 287 4210* 6210°° 7.110°° 2810 * 0025 0.163¢ 971072  0.187 0.021¢  2.4-349 161072 7410° 230

46.6 7.110*  9.310% 111078 3.410°% 0028 0.186¢ 1110728 0.248 0.023¢  1.7-191 1.8107%  81310° 266

0610+ 260 (NW) 1150 1.710% 3.210%% 851078 9610 * 0.032 021c 681028 0.044 0.027¢  3.7-320 1110723 2.110* 218

1252 1.110% 2810%%  74107% 8910°* 0024 0.162¢ 1.010°%7  0.050 0.020c  2.6-390 1710728 3310t 236

0835 + 580 (SW1) 3369 3.410* 8010°° 881077 3110°° 0.159 0.829¢ 1.5107%  0.026 0.133¢  7.0- 25 481072  2210° 262

3902 3510 8210%% 911077 3.110°° 0.158 0.823¢ 1.6107%  0.027 0.131c  6.5- 24 50107 23108 282

0843 + 136 (SW) 2266 1.510% 4.910°° 641077 2.610" 3001 0.651¢ 32108 0.028 0.093¢ 6.2- 45 7.11072° 26107 250

2683 L.610**  5.110%° 67107 7271000 0110 0.647¢ 341072 0.029 0.092¢ 5.7- 42 761072 28107 267

1137+ 660 (SE) 581 8310%  6.110% 1.6107%  42107* 0038 0.247¢ 9.21072°  0.154 0.031¢  2.8-179 1.61072¢  3110° 239

1.710°2¢  3310° 272

88.1 1.310*  8410% 221078 49107% 0.042 0.274¢ 1.01072%  0.188 0.035¢  2.2-110
1206+ 439 (SW) 524 2410 1.410%7  2210°% 48107* 0.059 0.378¢ 48102  0.185 0.049¢ 3.2- 82 861027  2810° 256
711 2910% 16107 2610°% 53107 0.058 0.373¢ 591072 0.223 0.048¢ 2.4- 63 1.01072¢  3310° 284
1957 + 405 (SE) 60.7 22104 2610% 9.610°% 3210 * 0021 0.140¢ 1810728 0.137 0018 2.4 490 3.0107%%  4.310° 224
106.5 4.710*%  4310% 161078 4210°* 0.027 0.179¢ 1.8107%  0.176 0.023¢  1.9-225 301072 4.310° 259
23254293 (SE2) 245 3410**  6710%°  51107% 23107* 0.02] 0.141¢ 9.41072°  0.204 0.018¢  2.2-438 161072 1.110° 232
404 5910* 1.0107  7710°% 2910°* 0.024 0.160¢ L1107 0271 0.020c  1.5-234 1.8107°2¢ 1.210° 265
2338 + 042 (SE) 3403 8.310%*  1.210%  [4107¢ 39107 0.244 0.979¢ 23107 0013 0.203¢ 8.2- 12 331072 1.510% 280
388.2 8.510*  1.310% 1.5107° 4.010°° 0244 0.979¢ 231077 0013 0204c 79- 12 33107 18108 295
2354 + 144 (SE) 1032 4.410°% 4410% 171077 1.4107° 0.053 0.341¢ 491078 0.040 0.044c  4.4-143 8.61072° 11104 228
131.6  5.010*  4910%° 191077 14107% 0.053 0.342¢ 55107 0.045 0.044¢  3.7-120 96107 1210* 2587
*  The values given in the first and second row for each hot spot refer to a= —0.6 and 0.9, respectively. (2 is defined as: §, ~v*). These values of a essentially cover the range

relevant for hot spots (¢.g., Miley, 1980; Bedford et al., 1981)



139

. gives for each hot spot the Lorentz factor Ygun down to

which, at 1least, the energy spectrum of the relativistic

electrons should continue to rise. In terms of the spectral

turnover frequency V € (Table 8.1.2), it is expressed as:
min - . ; 1/2
Y. 0.,)[\)t(1+z),BhS]

8.1.3 Discussion

The 1limits to the various jet parameters, as derived
above, within the framework of the beam model, are
conservative estimates since they refer to the maximum
possible value of the jet radius (i.e., rj:rhs)‘ As seen from
Table 8.1.2, the hot spots in our sample must radiate away
the Jjet kinetic power supplied to them at a minimum
efficiency of 2-25%. Clearly, these lower limits to €& would
have to be relaxed, should the hot spots depart from the
assumed condition of minimum total energy (Eq.8.4). But, from
the available evidence, this assumption appears to broadly
apply for such extended radio structures (Scott and Readhead,

1977; Marshall and Clark, 1981; Scherier et al., 1982;

Roland, 1982; (Chapter VII). Secondly, the adopted upper
limit of & _ = 0.3 yields a range c¢/7-c for the minimum
min

bulk velocities (VJ ) for the beam fluid feeding the hot
spots, as well as a range of 0.02c -~ 0.2c for the minimum
bulk outflow velocities (VZﬁ?) of relativistic plasma from
the hot spots. But, as in the case of &, the derived lower

limits to both Vj and VOut are dependent on the assumption

of minimum energy for the hot spéts. On the other hand, they
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would not be violated on account of the other assumption made
in the previous section, that the spectra of the hotspots
remains straight only up to 10 GHz. The same applies to the

X pmax max

parameters ??a » My~7, and Ons 7 given in Table 8.1.2. It may

also be noted from Eq.(8.6), that the outflow velocity Vout-
of relativistic plasma from the hot spots is expected to be
higher for faster jets, attaining a maximum value of ~~ 0.25c¢c
for an wultra-relativistic Jjet. The upper limit does not
depend on the assumption of minimum energy condition
[Eq.(8.6)]. Another parameter which is fairly insensitive to

Yémln which represents the Lorentz factor

this assumption 1is
below which the energy spectrum of relativistic electrons
responsible for the radio output from the hot spot cuts off
[from Egs.(8.1) and (8.7); Yeminoc 87231, From Table 8.1.2,
it 1is seen that the values of ‘{gdn for all the 10 hot spots
lie in a rather narrow range: \{gdn = 250 + 50. It is
interesting that Faraday rotation measurements have indicated
a similar lower limit to the Lorentz factors of relativistic

electrons present 1inside compact radio sources coincident

with active galactic nuclei (Wardle, 1977).

8.2. CONSTRAINTS ON THE LUMINOSITY ATTAINED BY HOTSPOTS
8.2.1 Some General Constraints on the Hotspots

The theory of synchrotron radiation tells us that the
synchrotron luminosity L of a source increases not only with
U, the total energy present in the form of relativistic
electrons and magnetic field, but also with the pressure p

3/4

due to them: L &« U.p . Thus, for a given amount of beam
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power being discharged into the hot spot, the nonthermal
radiation from the hot spot would be maximum when the
pressure of the synchrotron plasma inside the hot spot is at
the highest possible value. Here, one could place two general
constraints on hot spots. Firstly, 1in order to ensure the
flow of +the beam plasma into the hotspot, the internal
pressure of the hot spot Ppgr ©2an at most be as high as the
directed pressure of the beam plasma at the beam outlet, Ppo
(we refer to this equilibrium configuration with Pho = Ppg @S
'maximally radiating' hot spot). The second constraint 1is
that the radius of the hot spot rhs' cannot be smaller than
the radius of the beam outlet, Chot around which the hot spot
forms (M = r /vy, > 1). Thus, for estimating the maximum
attainable radio luminosity, we express the first constraint
pertaining to a maximally radiating hot spot, in steady

state, as

- 2 _ min 3
[pbo th/ ne:BcrbO] = [phs ~ U /4nrhsl s

Here [ c is the bulk velocity of the beam plasma whose
kinetic power L, = th/e gets converted into radio
luminosity th of the hot spot with the net conversion
efficiency € . U?in is the total energy inside the hot spot
in the form of magnetic field and relativistic electrons,
computed for the usual equipartition condition defined by
Burbidge (1959) (we shall ignore other possible forms of
energy). If, now, one makes a reasonable assumption that the

power radiated from the hot spot 1is mainly concentrated

within the frequency range 100 MHz to 104 MHz (the results
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are not very sensitive to an order-of-magnitude wuncertainty
in these figures) with a spectral index < = +0.75 (defined

~x :
as R Soqo ) one obtains from the synchrotron theory

(Moffet, 1968).

. L r
Umln ~ 2.6.104 ( hs 47 hs ,9/7

e erg/s ( e ) erqg. (5.8)
Combiningqu.8.7 and Eq.8.8 gives:
o e 7 1/2 _=-3/14 1/7
rhs/rbo 1.4.10 (Be) th r e

For r, . on the right side, we substitute a single
typical value of 1 kpc (Readhead and Hewish, 1976; Kerr
et al., 198l; since the exponent 1is only 1/7, even an
abnormally large deviation from this typical value would
alter N very marginally). Eg.(8.9) thus reduces to:

47 -14 -
n /3( 7/3 1

L —~ 5.]0 BE) erg S

hs ...(8.10)

8.2.2. Efficiency and Bulk Velocity of a Beam and the Radio
Luminosity

Among the 3 variables on the right side in Eq.8.10, both
# and € must clearly be <1 and v must be > 1, as discussed
earlier. In reality, the efficiency & 1is expected to be well
below 100%. This reasonable expectation is also consistent
with the observation that even in highly luminous double
sources a small amount of radio emission does arise from

lobes surrounding the hot spots (e.g., Swarup et al., 1984;
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Barthel, 1983). Most probably such lobes are formed due to
relativistic electrons escaping out of the hot spots and
therefore radiating less efficiently owing to weaker magnetic
field, expansion losses and reduced energy density (e.g.,
Scott, 1977). Thus, even though the contribution of the lobes
to the total radio output is marginal in case of highly
luminous sources, as emphasized by Jenkins and McEllin
(1977), their total energy content is large, indicating ‘a
high rate of energy leakage from the hot spots. Based on such
considerations we adopt a reasonable upper limit of 0.3 to
the value of efficiency with which the power delivered at the
hot spot gets radiated away within the hot spots itself.
Thus, together with the constraints Y| > 1 and € < € AR
0.3, Eg.8.10 implies a maximum possible value of th s lO44
erqg s—l which can be attained for hot spots powered by non-
relativistic beams having bulk velocities upto 0.lc. Also, it

is seen that for relativistic beams with ﬁ ~ 1, L of upto

hs
1% 3.1046 erg s—l is attainable. In practice this limit would
apply to the integrated radio luminosity of double sources,
since it is known that in such highly luminous sources little
emission arises from regions outside the hot spots (see
Jenkins and McEllin, 1977; Swarup et al., 1984). In Section
8.2.3 we will discuss the possibility that the luminosity
limit derived for relativistic beams may be surpassed because
of a possible breakdown of our simplifying assumption of

spherical geometry for the hot spots at such high

luminosities. But this assumption seems justified for hot
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spots of moderate luminosities attainable with non-

relativistic beams, which can emit upto Lm oA lO44 erg S—l

ax

for the case B =0.land € = €__ = 0.3, as discussed
above. If, for the moment, the assumption of spherical
geometry 1is retained for hot spots of all luminosities, then

the following argument shows that the luminosity limits given
above for non-relativistic and relativistic beams would hold
even 1f the beam power is much higher than what 1is really
necessary to produce hot spots of such luminositis; i.e., for
Lb >> Lmax (e;,ﬁ )/ ¢ . To illustrate this, let us rewrite

Eg.(8.10) in terms of beam power Ly:

Y _ - 47 -14/3 7/3 4/3 ~
et € L o= 5.10""n 8/ €/ ergs1

...(8.11)

Recalling that this expression characterizes a steady-

state with a balance between Prg and Pbo (via Eg.8.7), it is
seen that for given ¢ and pA there is a critical beam power
L; ~ 5.1047 /67/3 63/4 such that for a more powerful beam

Eq.8.11 cannot be satisfied for physically meaningful values

of N (i.e., for N > 1). For such an excessively powerful
beam, therefore, the formation of the hot spot would involve

an inequilibrium sitution. This 1is because the physical

constraint v > 1 would force the hot spot to expand

continuously from the (fictitious) equilibrium situation,

with P ~ P

] 0 » g
hs bo which for beams having Lb > L is only

b
possible wheny <1 (Egq.8.11). The resultant expansion by a

factor 7 or more implies rapid adiabatic 1loss, lowering

the synchrotron 1luminosity by a factor 2'24 below the
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(fictitious) equilibrium situation (see Eg.8.8). Thus, for an
excessively powerful beam with L > L;’AJ 5.1047 B 7/3€.4/3
(see above), .th would be < ¢ Lb rl4 o 8.1040 Je; 2 e 15717
L%{7. This gives, even for a highly efficient ( & = emax =
0.3), and excessively powerful beam (Lb say 1048ergs_l) th
of ~ 4.10% erg 571 if B=0.1 and L, _~ 4.10% erg s7t if

B ~ 1. These values are broadly consistent with the limits
deduced above for non-relativistic and relativistic beams,

respectively (see Gopal-Krishna and Saripalli, 1984a.)

8.2.3. Dependence of Hot Spot Size on Luminosity

To illustrate the inter-relationship between the
luminosity of a hot spot, its size and beam efficiency, as
expected in our model, we have given in Table 8.2.1 the
values of ¥ computed for a range of L

hs and €& using

Eq.8.10. The values correspond to an ultra-relativistic beam

velocity (B8 = 0.99) except for those given inside brackets
which refer to a non-relativisitic beam with B = 0.1. For
each value of th we have also tabulated, in the last column,

the minimum value of beam efficiency e‘min that would be

required to attain the luminosity Ly given in the first

column. These limiting values correspond to the case when B

= 0.99 and the hot spot not only radiates maximally (

Phs

Pbo) but also has the smallest possible size (r =

hs Tbo’
i.e., n = 1), thereby maximising the radiative output
(Eq.8.10). It 1is evident from Table 8.2.1 that for a given

beam efficiency & , the factor n (=rhs/rbo) increases towards

smaller L or i.e., for lower beam power (Lb = th/ég) which



Table 8.2.1.The computed values of 7 (=rpg/Tp,) as a
function of beam effictency (€) and hot spot lumincsity
(Lpg= € Lp).The values of 1 given outside and insida
brackets refer to £ = 0.99 and B = 0.1,respectively.
The minimen required effictency, € .. ,is computed for
the case (3= 0,99 and | = 1 (eq.8.10 Sect 8.23 ).

Ly, s(era/s) €=100% €=30% €=10% €=3% € (Y
ul 26.7 14.6 8. u.6 1
10 ( 8.5) ( u.7) (2.3) (1.5) ( Y.u)
u? 16.3 8.9 5.2 2.8 0.4
10 (5.2) ( 2.8) (1.6) (0.9) ( 3.7)
u3 10.0 5.5 3.2 1. 1.0
10 (3.2) (1.7) (1.0) (o.g) (10.1)
un 6.1 3.3 1.9 1.1 2.1
10 (1.9) (1.1) (0.86) (27.0)
: 3.7 2.0 1.2 0.6 7.2
10" ( 1.2) ¢ 0.6) (72.4)
u6 2.3 1.2 0.7 19.4
10 ( 0.7) (194 )1
10‘*7 1.4 0.8 52.1
108 0.8 150 !
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would produce weaker radio sources. Since outlets of beams
associated with lower luminosity sources are neither known
nor expected to be systematically smaller (Bridle, 1986), the
above mentioned dependence of "l would predict that the hot
spots associated with lower luminosity _ sources should be
larger in size and thus appear more diffuse. Quantitatively,
if one were to define hot spot as a region falling within a
circular aperture of a fixed linear radius of, say, a few kpc
(e.g., Jenkins and McEllin, 1977), such an aperture would be
increasingly 'resolving' the hot spots associated with
sources of decreasing luminosity because of their being
systematiclly larger. This could explain the known positive
correlation between the radio luminosity of a double source
and the fraction of the total extended radio emission that
arises from 1its hot spots. As mentioned above, such a
correlation was first noted by Jenkins and McEllin (1977)
for 3CR sources and more recently supported by Swarup et al.

(1984) from VLA observations of a sample of steep spectrum

quasars.

8.2.4. The Beam Power and Morphology of Hot Spots

From the discussion following Eq.8.11, L appears to

hs
saturate for beam powers above a critical value Ly which
could be as high as (Lb)max o~ 1046 erg s—l, corresponding to

the maximum adoptable values of B (=1) and €(=0.3). It was
pointed out that higher beam power would induce onset of
expansion of the hot spot from the equilibrium configuration,

leading to a diminishing of volume emissivity as well as
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magnetic field strength, which had both been increasing
steadily with beam power until the point of inequilibrium was
reached owing to the constraint Q > 1. But, of course, this
constraint could be meaningfully imposed only provided our
assumption of sp= erical geometry for the hot spots remained
valid at least until they reached the point of inequilibrium.
If prior to this point, the hot spots were to somehow develop
a slab-like geometry, then by arbitrarily compressing the
slab along the beam direction, By o could be maintained equal
to Py, (to ensure equilibrium) while the surface of the slab
in contact with the beam outlet would continue to keep the
latter fully covered. Thus, once a slab-like geometry has
developed, the wvolume of the hot spot could arbitrarily
reduce to maintain pressure equilibrium with a beam of
arbitrarily high power and, accordingly, its luminosity could
increase unconstrained. The crucial transformation from the
spherical to slab-like geometry while the luminosity and the
magnetic field of the hot spot are still rising with
increasing beam power (i.e., before the point of
inequilibrium is reached) could conceivably occur if the
megnetic field in the hot spot has increased to a
sufficiently high value. The relativistic electrons injected
into the hot spot after randomization of their momenta at the
beam outlet (=shock front) would then have synchrotron

lifetimes, ?bsyn’ shorter than the light travel time, Tvbo'

across the beam outlet, leading to the development of a slab-
shaped hot spot. Such a condition would simply be satisfied

2

by electrons having Lorentz factors Y o Bns

19
. > 1.5.10 55
crit / b
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where B,. 1is the equipartition magnetic field equal to [3

0.5
Uhs/hhs] . Eq.8.8 thus leads to:

14 -4/7 5/7
> .
Ycrit Zo U n th rhs

...(8.12)

We substitute for g @ typical value of 1 kpc (see

Section 8.2.1) and for Lis the limiting luminosity of ~ lO44
erg s—l attainable for a hot spot powered by a non-
relativistic beam (B < 0.1) before its equilibrium breaks
down and the expansion of the hotspot begins. Since v > 1,
Eq.8.12 thus gives \{crit > 3.104. Thus, the condition for
the formation of a slab-shaped hot spot would not be

satisfied by all but the most energetic electrons. But they

only form an energetically insignificant tail of the steeply

falling electron energy distribution which probably peaks at
Y~ 102, as inferred for the hot spots in Cygnus A from the
estimated magnetic field of ~, 3.10_4 G and synchrotron self-
absorption frequencies of ~ 70 MHz (see Hargrave and Ryle,
1974; Simon, 1977; Saripalli and Gopal-Krishna, 1985). In
contrast, as discussed in Section 8.2.2, for a relativistic
beam velocity the point of inequilibrium would only be

reached at L, ~ 3.10%° erg s™1 and this means that Y

crit
could decline almost to A/103 (Eq.8.12). Since electrons with
Y > 103 probably form an energetically significant part of
the entire population of relativistic electrons, the hot spot
could conceivably transform into a slab shape before its size

has reduced to that of the beam outlet, whereby the

inequilibrium is expected to set in for a spherical hot spot.
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Henceforth, with 1ncreasing beam power and L the

hs’

constraint n > 1 would no longer be meaningfully imposed for

obtaining an upper limit to th, as discussed earlier.

8.3. CONCLUSION

Within the framework of the beam model we have deduced
some basic physical parameters of the jets and hotspots
associated with classical double radio sources, following a
simple approach which is based on the assumptions that the
hot spots radiate under the usual equipartition conditions
and that they are roughly spherical in shape. For a sample of
10 bright hotspots and for the jets presumed to be feeding
them, we have estimated the densities, bulk velocities, mass-
flow rates and efficiencies of the jets. It is found that the
bulk outflow velocity of the relativistic electrons present
inside the hotspot, increases with the jet velocity and

attains a maximum value of 0.25c (Saripalli and Gopal-Krishna, 1985).

A rather natural explanation is found for the known
tendency of more prominent and compact hot spots to be
associated with sources of higher luminosties. It is also
argued that the maximum expected luminosities of hot spots

4 6 -1

are ~u lO4 and m13.104 erg s

, respectively, for beam

velocities of < 0.lc and ~ c¢. However, the latter limit
could be surpassed due to a possible breakdown of the
assumption of spherical shape for the hot spots at such high
luminosities where their morphology could undergo a

gualitative change and become slab-like (Gopal Krishna and

Saripalli, 1984a).
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